Abstract The oxidative stability and fatty acid composition of groundnut seed oil (GSO) exposed to microwaves were evaluated during heating at 170°C. During heating, the oxidative indices such as free fatty acid, peroxide value, p-anisidine value, TOTOX, thiobarbituric acid value, specific extinctions, and color value were increased. The increments were found to be higher in unroasted seed oils compared to roasted ones indicating lower release of lipid oxidation products in roasted GSO. After 9 h heating, the relative content of polyunsaturated fatty acid (PUFA) decreased to 89.53% and that of saturated fatty acid (SFA) increased to 117.46% in unroasted sample. The relative content of PUFA decreased to 92.05% and that of SFA increased to 105.76% in 7.5 min roasted sample after 9 h of heating. However, the roasting process slowed down the oxidative deterioration of PUFA. With increased heating times, an appreciable loss was more apparent in the triacylglycerol species OLL and OOL in unroasted samples compared to roasted ones. In FTIR, the peak intensities in unroasted samples were markedly changed in comparison with roasted samples during heating. The roasting of groundnut seed prior to the oil extraction reduced the oxidative degradation of oil samples; thereby increasing heat stability.
Introduction
Groundnuts or peanuts (Arachis hypogaea L.) are the second most harvested legume in the world behind soybeans, providing an important nutrient source to the world's population (Craft et al. 2010) . They are a great source of nutrients and edible oil, that are grown in almost all tropical and sub-tropical countries of the world (Arya et al. 2016; Bhatti et al. 2010) . A lot of groundnuts may be consumed raw, roasted, pureed, or in a variety of the other processed forms, and constitute as a multi-million-dollar crop worldwide with numerous potential dietary benefit (Yu et al. 2005) . The impacts of various processing methods in preparing oilseeds for human consumption are of utmost importance. Roasting is a high temperature and short time processing method which enhances the oxidative stability, antioxidant activity, and level of saturated and unsaturated fatty acids in oils (Ali et al. 2016a, b; El Anany 2015) . Microwave processing of foods is a recent development, which is gaining momentum in household and large scale food applications.
Oxidation is one of the leading causes of oil deterioration which results in off flavors and rancidity. In general, the oxidative stability of an oil depends on its fatty acid and triacylglycerol composition, as well as the composition of minor constituents with antioxidative properties (Nederal et al. 2012) . In oxidation process, the triglyceride structure undergoes changes with the consequence of the formation of low-molecular-weight off-flavour compounds, which can make oil unacceptable to consumers or for industrial use as a food ingredient (Choe and Min 2006; Guillen and Goicoechea 2009) . The properties of a particular oil are determined mainly by the abundance of different TAG molecular species (Yoshida et al. 2001) . In addition, a complex pattern of thermolytic and oxidative reactions with the formation of some decomposition products, occurs during heating of oil. These reactions lead to the changes in physical and chemical properties of oil (Ali et al. 2016b; Vaidya and Choe 2011) . Monitoring the changes in properties of oils during heating is an effective method to assess thermal oxidation changes in the oils. The effects of heating on the oxidative stability and composition of roasted pumpkin seed oil (Ali et al. 2016b ) and roasted mustard seed oil (Vaidya and Choe 2011) were investigated. To date, some studies have been conducted on the oxidative deterioration and chemical composition of microwave roasted GSO without applying any thermal treatment of oil (Raigar et al. 2017; Smith et al. 2014; Jittrepotch et al. 2010) . However, so far no research has been reported on how heat treatment affects oxidative stability, fatty acid composition, and triacylglycerol species of microwave roasted groundnut seed oil, which are the main objectives in the present study.
Materials and methods
Freshly harvested and dried groundnuts (2 kg, Arachis hypogaea L.) were obtained from Oilseeds Research Centre of BARI, Gazipur, Dhaka. The total weight of the 30 groundnut seeds was 16.09 g, and length and diameter of each seed were in average 1.35 and 0.83 cm, respectively. The matured and healthy nuts were selected and stored at 4°C in a sealed plastic bag. The various chemicals and reagents used were of analytical grade or better. Thiobarbituric acid was procured from HiMedia Laboratories (Mumbai, India), and acetic acid and standards were from Sigma-Aldrich Co. (St. Louis, MO, USA). All other chemicals and solvents were from Merck (Darmstadt, Germany or Mumbai, India) unless otherwise stated.
Roasting and extraction protocol
A domestic size microwave oven (MS 3042G, LG, China) at 2450 MHz with power output of 340 W was used. Whole groundnuts (40 g) were placed in single layer in a Pyrex petri dish (12-cm diameter) and roasted by microwave for 2.5, 5, or 7.5 min after covering the dish based on trial results. The roasting treatment was carefully optimized in such a way that it resulted in optimum roasting without burning. After roasting, the nuts were allowed to cool to ambient temperature and were manually shelled to obtain seeds. The raw or roasted seeds were reduced to fine powder and moisture contents were determined by AOAC (2005) official method 930.15. The powder was mixed with n-hexane, at a sample to solvent ratio of 1:10 w/v. The mixture was homogenized with a homogenizer (Polytron PT 2100, Switzerland) at a speed of 15,000 rpm for 20 min, and filtered through a Whatman No. 4 filter paper using a Buchner funnel. The residue was re-extracted twice with the same solvent. The filtrates were combined and dried in a rotary vacuum evaporator at 45°C. The oil thus obtained was weighed and stored into capped glass bottles at a temperature below -16°C for further studies.
Thermal oxidation of samples
The roasted or unroasted oil samples (80 g) were taken into 100 ml beakers and placed in an electric oven at 170°C, in order to accelerate the lipid oxidation and thermal degradation. Oil samples were withdrawn at intervals of 0, 3, 6 and 9 h for analyses.
Oxidative indices
American Oil Chemists' Society official methods (AOCS 1987) were employed for determining free fatty acid content (method Ca 5a-40), peroxide value (method Cd 8-53) and thiobarbituric acid value (method Cd 19-90). Specific extinctions (method p2.15) at 233 and 269 nm (E 233 1% and E 269 1% ) and p-anisidine value (method p2.4) of the samples were measured using a spectrophotometer (T 60, PG Instruments, Leicestershire, UK) according to PORIM (1995) test methods. Total oxidation or TOTOX value was calculated as: TOTOX = 2PV ? p-AV (Wan et al. 2009 ).
Colour development
As an index of colour development , the absorbance at 420 nm of 5.0% (w/v) solutions of oils in chloroform was measured by a spectrophotometer (T 60U, PG Instruments, Leicestershire, UK).
Fatty acid composition (FAC)
Fatty acids of the oil samples were transesterified to their corresponding methyl esters following PORIM (1995) test method p3.4 prior to analysis by gas chromatography. The FAC was evaluated by the rapid method of AOCS (1987) Cd 14c-94 using a gas chromatography (7890A, Agilent Technologies, USA) furnished with a polar SP TM (Supelco, Bellefonte, PA) capillary column (0.25 mm i.d. 9 60 m 9 0.2 lm) and a flame ionization detector. The carrier gas was nitrogen at 70 psi. The oven temperature was set as follows: initial temperature of 100°C, and programmed to increase to 250°C at 10°C/min. Methyl esters were quantified by comparing the retention times and peak area of the unknowns with known FAME standard (Supelco, Bellefonte, PA).
Triacylglycerol (TAG) composition
The TAGs were analyzed by injecting 1 ll sample solution (40 ll sample dissolved in 1960 ll of 75:25, v/v of chloroform: acetone solution) through a Rheodyne valve into a HPLC system (Agilent 1260 Infinity, USA). The TAG was separated using packed Poroshell 120 EC-C18 (Agilent, USA) column (50 mm 9 4.6 mm i.d. 9 2.7 lm) using acetone/acetonitrile (65:35, v/v) mobile phase at a flow rate of 1 ml/min. Detection of the TAG was done by Evaporative Light Scattering Detector (ELSD). Identification of TAG was performed by comparing with the standards (Sigma-Aldrich Co., St. Louis, MO, USA).
FT-IR spectroscopy
The infrared spectra were measured with the help of a Fourier Transform Spectroscopy (IRAffinity-1S, Shimadzu Corporation, Kyoto, Japan) equipped with a high sensitivity pyroelectric detector (deuterated L-alanine doped triglycine sulphate) and connected to software of the lab solutions DBIR operating system. Samples were applied to a sodium chloride cell and periodical scans (15 scans, 4 cm -1 resolution) were obtained in the spectral range of 850-4000 cm -1 . The spectra corrected against the background spectrum of air, were recorded as absorbance values at each data point.
Statistical analysis
All data were expressed as the mean and standard deviation (SD) and were subjected to one way analysis of variance (ANOVA). Mean values were compared at p \ 0.05 significant level by Duncan's multiple range test using IBM SPSS 22 statistics.
Results and discussion
Moisture content of groundnut seed was 5.20% (DM) and decreased to 4.10, 3.40 and 3.10% (DM) with increasing roasting times 2.5, 5 and 7.5 min respectively. The crude oil levels were in the range of 39.89% (DM) for unroasted sample to 42.31% (DM) for 7.5 min roasted one. The yield of crude oil increased with increasing roasting times. Wroniak et al. (2016) also reported that the oil content in rapeseed increased as a result of seed roasting process.
Oxidative indices
The accumulation of free fatty acid (FFA) in GSO was increased with increasing roasting and heating times (Fig. 1a) . The increase in FFA content for unroasted sample was higher than that of the roasted samples throughout the heating period. A similar trend was followed by Kim et al. (2014) during storage of microwave treated rice bran. At the end of 9 h heating, the amount of FFA was highest (p \ 0.05) in unroasted sample (6.72%) compared to 7.5 min roasted one (5.33%). The unroasted samples had significantly (p \ 0.05) higher peroxide value (PV) than that of roasted samples at all corresponding heating times, indicating a higher extent of hydroperoxides in unroasted ones (Fig. 1b) . The PV increased up to the 6 h for all samples and then decreased until the end of the heating. A similar trend was followed by Ali et al. (2016b) for pumpkin seed oil during thermal oxidation.
The p-Anisidine value (p-AV) in GSO increased with heating time and was found to be significantly higher (p \ 0.05) in unroasted samples at each heating period (Fig. 1c) . Moreover, this increment was high at earlier phase and low at later phase of heating. At the end of 9 h heating, the p-AVs reached to 50.70, 46.68, 42.56, and 40 .08 for 0, 2.5, 5, and 7.5 min roasted samples, respectively. Seed roasting slowed down the rate of formation of secondary oxidation products as reflected by p-AV in GSO during heating at elevated temperature. Cai et al. (2013) also confirmed that the oil extracted from roasted pine nut contain lower secondary oxidation products as compared to the oil from unroasted nut. Figure 1d shows that TOTOX values in roasted and unroasted oil samples increased with prolonged oxidation time. Significant differences (p \ 0.05) in TOTOX values in groundnut samples were found after 9 h of oxidation test. The TOTOX values, from lowest to highest, were displayed in samples roasted for 7.5, 5, 2.5, and 0 min. The lower TOTOX values of the roasted samples indicated more stable to oxidative rancidity than the control. Generally, thiobarbituric acid (TBA) content showed significant increasing trends during the thermal treatment for all samples, but no regular pattern of increase was observed (Fig. 1e) . A sharp increase in TBA values was noticed up to 6 h heating, followed by the rate of increment decreases. At the end of 9 h heating, unroasted sample exhibited the highest TBA (14.13), while roasted sample exhibited the least (11.39). This might be due to the volatilization of secondary oxidation products or their further breakdown. The increasing trend in oxidation of unroasted oil samples, as illustrated in TBA values, compared with roasted ones, was similar to that obtained for oxidation products as reflected in PV and p-AV values.
Roasting had a remarkable effect on ultraviolet absorptions at 233 (E 233 1% ) and 269 nm (E 269 1% ) in all samples (Fig. 2a, b ). Significant differences (p \ 0.05) in ultraviolet absorptions in GSOs were observed after 9 h of oxidation test. The levels of conjugated dienes and trienes were however highest in unroasted samples, with lowest level detected in 7.5 min roasted samples at all heating periods. These lower levels are the indications of good oxidative stability of roasted samples compared to unroasted ones. Color formation in the oil was influenced by the extent of roasting and heating conditions employed (Fig. 2c) . With an increase in roasting and heating times, browning substances were developed, resulting in a significant (p \ 0.05) increase of the absorbance at 420 nm. The Maillard reactions lead to the formation of browning substances in several thermally processed foods (Koehler and Odell 1970) . The absorbance values for unroasted and 7.5 min roasted seed oils, increased from 0.45 and 0.52 to 0.88 and 0.67, respectively, after 9 h of heating. Longer seed roasting times had a much higher effect on further improvements in oxidative stability. Thus, the present results lend support to earlier finding, which indicated an increase in the colour of oils with increasing roasting temperature of cashew nut (Chandrasekara and Shahidi 2011) .
Fatty acid composition (FAC)
Changes in the FAC of the roasted and unroasted GSOs before heating are typified in Table 1 . The primary fatty acids of fresh GSO were C18:1 (42.58%), C18:2 (34.69%), and C16:0 (13.53%) acids while C18:0, C18:3, C20:0, C22:0, and C24:0 present in concentrations \ 4%. These three major fatty acids comprised 90.80% of the total fatty acids in GSO, which almost same to previously reported data (Siddeeg and Xia 2015) . There was almost no change in FAC of GSO when prepared by microwave roasting until 7.5 min. Vaidya and Choe (2011) reported that the FAC did not change with roasting in mustard seed oil. As can be seen in Table 2 , total SFA, MUFA and PUFA were: 22.24, 42.58 and 35.18%, respectively for raw and 22.73, 42.28 and 34.97% respectively for 7.5 min roasted samples before thermal treatment. During heating at 170°C the percentage of PUFA tended to decrease, whereas the percentage of SFA increased in all samples, probably due to PUFA degradation. A similar trend was found by Ali et al. (2013) during thermooxidative degradation of canola oil. In unroasted samples, relative content of PUFA decreased to 89.53%, while of SFA increased to 117.46% after 9 h of heating. On the other hand, at the end of 9 h heating, the relative contents of PUFA decreased to 92.05%, while of SFA increased to 105.76% in 7.5 min roasted samples. However, the change in relative contents of PUFA or SFA was high in unroasted samples compared to that in roasted samples throughout the heating period. These results are in accordance with those reported for pumpkin seed (Ali et al. 2016b ) and mustard seed (Vaidya and Choe 2011 ) oils during heating. Moreover, the ratio of polyunsaturated to saturated fatty acids (P/S) as reflected a valid indicator of evaluating oil oxidation (Lee et al. 2007) , of all samples declined with increasing thermal oxidation time. The smallest change (decrease) in P/S ratio belonged to the roasted samples. This means that oxidation process progressed more rapidly in unroasted samples as compared to roasted ones during heating.
Triacylglycerol (TAG) composition
The typical changing patterns in the TAG species (P, palmitic; M, myristic; O, oleic; L, linoleic) from GSO evaluated by HPLC are shown in Table 3 . Major TAG species were OOL (25.65%), OLL (23.86%), POL (19.59%), MPP (9.31%), OOO (9.21%) and PLL-MOL (5.17%). The other species PLP, SOO, POO, and POS were minor components (\ 2%). In this study, microwave roasting did not affect significantly on the TAG composition, as only a small amount of species containing more than four double bonds was present in TAGs. Yoshida et al. (2003) also demonstrated no significant loss in TGA species of peanut by microwave roasting. However, The OLL, PLL-MOL, and OOL levels in GSO were decreased whilst the MPP and OOO levels increased with increasing heating time. At the end of 9 h heating, the amount of OLL, OOL, and PLL-MOL was significantly (p \ 0.05) higher and that of OOO significantly (p \ 0.05) lower in 7.5 min roasted samples compared to unroasted ones. The changes in POL and MPP were found to be insignificant after 9 h of heating. Of the above species, most significant reduction was detected in OLL; the amounts of it in unroasted and 7.5 min roasted samples decreased from 23.86 to 16.88% and from 23.23 to 18.30%, respectively, by 9 h heating at 170°C. The above results indicated the changes in TAG species became more pronounced in unroasted samples compared to roasted ones. These results would depend on differences in the amounts of TAGs composed of oleic and linoleic acids . The obtained results concur with previously published data (with few exception) for pumpkin seed oil (Ali et al. 2016b) . In this study, the higher stability of the TAG species in the roasted seed oil, as compared to the unroasted seed oil could have contributed to reduced oxidation in the roasted seed oil versus the unroasted seed oil.
Evaluation by FT-IR
The significant information on the oxidative status of oils can be obtained by studying the frequency and absorbance Number in parenthesis is relative % of saturated, monounsaturated and polyunsaturated fatty acids based on the initial saturated, monounsaturated and polyunsaturated fatty acids content before heating. P/S-ratio of polyunsaturated to saturated fatty acids. Each value is the mean of triplicate determinations values of several bands of infrared spectra. An increase or decrease in some of the wave number regions was observed in this study. However, only the regions which were generated for the certain oil oxidation products, were evaluated. Figure 3 shows most significant bands (Lerma-Garcia et al. 2010; Guillen and Cabo 1997) : band near 3008 cm -1 due to the cis double-bond stretching vibration; bands near 2927 and 2854 cm -1 due to the asymmetric and symmetric stretching vibration of the aliphatic CH 2 functional group; band at 1745 cm -1 due to the ester carbonyl functional group of the triglycerides; band near 1465 cm -1 due to the bending vibrations of CH 2 and CH 3 aliphatic groups; band near 1377 cm -1 due to bending vibrations of CH 2 groups; band near 1161 cm -1 associated with the stretching vibration of the C-O ester groups.
The intensity (absorbances) near 3008 cm -1 (shoulder) remained almost unaltered or suffers a very slow shifting toward smaller values during oxidative stress. The bands 2927 and 2854 cm -1 experienced a clear increase in absorbance that indicate some chemical changes due to advanced state of oxidation of samples (Valdés et al. 2015) . The prominent peak at 1745 cm -1 corresponds to the carbonylic compounds generated from the hydroperoxide decompositions during heating (Mariod et al. 2012) ; the intensity of it tended to increase with oxidative treatment. Valdés et al. (2015) also observed the increments in absorbance intensity at the bands near 2927, 2854, and 1745 cm -1 during accelerated oxidation of blanched, roasted or fried almonds. The band near 1161 cm -1 suffers changes during the oxidation process and increase its intensity. Liang et al. (2013) observed a similar trend at band 1163 cm -1 in walnut oils during heating. The peak intensities (absorbencies) of unroasted samples were markedly changed in comparison with roasted samples indicating a clear effect of heating on oxidative state of oil. During heating, the absorbance values (data not shown) of all peaks increased (with exception at 3008 cm -1 ) and these increments were higher in unroasted oils, indicating the oxidation proceeded more rapidly in the unroasted samples compared to roasted ones.
Conclusion
The observed changes in oxidative indices revealed that the oil samples from roasted seed were more resistant to the formation of lipid oxidation products compared to unroasted ones. The exposure of groundnut seeds to microwaves caused no significant loss or change in the content of fatty acids or TAG species in seed oils. During heating at 170°C, both roasted and unroasted seed oils become oxidized, with degradation of PUFA and formation of some undesirable and harmful compounds. Thus, the markedly slower rate of degradation of PUFA in roasted samples during heating Fig. 3 Changes of FT-IR spectra of GSO extracted from unroasted and roasted groundnut seeds during heating. a 0 h heating, b 3 h heating, c 6 h heating, d 9 h heating probably provided protection against lipid oxidation. TGA and FTIR data also indicate a higher extent of oxidation in unroasted samples. The present results indicated that microwave roasting enhanced the oxidative stability of oil and significantly modify the composition of oil.
